Abstract. During the austral summer of 2008, we carried out a high resolution survey of the microplankton communities along a south to north transect covering a range of environments across the Scotia Sea, Southern Ocean; high and low productivity, sea-ice to open water conditions, and over a number of oceanographic fronts and bathymetric features. Cluster analysis revealed five distinct communities that were geographically constrained by physical features of bathymetry and fronts. From south to north the communities were:
Introduction
The Scotia Sea, in the south Atlantic sector of the Southern Ocean, is a region of complex bathymetry with numerous seamounts and oceanic islands. Satellite, ocean colour images have shown these topographic features support extensive blooms which stand in stark contrast to the high-nutrient, low chlorophyll (HNLC) conditions characterising much of the open Southern Ocean (Comiso et al., 1993; Arrigo et al., 1998; Holm-Hansen et al., 2004a; Tyrrell et al., 2005) . Similar to phytoplankton blooms in the vicinity of the Kerguelen Islands (Blain et al., 2007) and Crozet Islands , blooms associated with the Scotia Sea islands are the result of both macro-and micronutrient enrichment in surface waters over a stable water column (Holm-Hansen et al., 2004b; Korb et al., 2008) .
Highly productive islands within the open ocean are likely to represent "hotspots" of carbon export compared to typical HNLC Antarctic waters. In particular, the large and intense blooms of the northern Scotia Ridge (Scotia Sea) are associated with the strongest predicted carbon sink in the Southern Ocean (Schlitzer, 2002) . There is currently much debate on the possibility of stimulating phytoplankton blooms to remove carbon from surface waters to the deep (e.g. see Theme Section on Iron fertilization in MEPS, introduced by Boyd, 2008) . However, the processes of carbon removal are complex and diverse. Indeed, a consensus is yet to be reached on exactly how much carbon is exported from both artificially induced and, naturally occurring blooms (de Baar et al., 2005; Boyd et al., 2007; Pollard et al., 2009) . Many factors will affect the export of carbon to depth but one of the major influences is certainly the structure of the pelagic food web, in particular the contribution of diatoms (Boyd and Newton, 1999) . As aggregates, dense blooms of large Published by Copernicus Publications on behalf of the European Geosciences Union. 344 R. E. Korb et al.: Summer microplankton community structure across the Scotia Sea diatoms may rapidly sink out of the euphotic zone (De La Rocha and Passow, 2007) . As a major component of krill diets, diatoms will be packaged into faecal pellets, another major vector for the sinking of carbon to the deep sea (De La Rocha and Passow, 2007) .
Throughout the open Southern Ocean, island phytoplankton blooms are generally dominated by either diatoms or by the prymnesiophyte Phaeocystis antarctica (Armand et al., 2008; Korb et al., 2008; Poulton et al., 2007) . Blooms at South Georgia, on the northern Scotia Ridge, are generally dominated by diatoms but can also contain significant numbers of heterotrophic dinoflagellates . Such a food web could have important implications for carbon export in this region with diatoms as potential carbon sinks vs carbon recycling by heterotrophic dinoflagellates (Archer et al., 1996; Smetacek et al., 2004) .
In this study we undertook a detailed examination of microplankton (>10 µm) community composition across the Scotia Sea. A transect ran from the ice edge in the south to the South Georgia bloom in the north, crossing a number of water bodies, each with unique physical and chemical properties. Here we relate the patterns of community composition to environmental conditions and discuss our results in terms of potential carbon export during the austral summer.
Methods

Cruise details
Our main data set was collected in January-February 2008 (cruise number JR177) aboard the "RRS James Clark Ross". Our survey followed a transect line which began in brash ice to the south, ran to the east of Signy Island and then followed a European Remote Sensing satellite altimeter track to the northwest of South Georgia (Fig. 1) . CTD stations occupied along the transect line were part of the British Antarctic Survey's, Dipycnal and Isopycnal Mixing Experiment in the Scotia Sea (DIMES) project and are named according to their DIMES location starting with the most southerly station D1, up to the most northerly station, D34. For comparison, we also present data from an earlier, wider scale, Scotia Sea survey (cruise JR82, January 2003; Korb et al., 2005) . Here we only included stations in close proximity (<150 km) to the 2008 transect line. Station numbering follows that of the original 2003 survey.
Sampling and physical measurements
At stations, vertical profiles of temperature, salinity and depth were measured using a SeaBird 911+ CTD. A SeaBird 12-position carousel water sampler with 10 l Niskin bottles was used to collect discrete water samples from the upcast of the CTD. This water was used to measure Chlorophyll a (Chl a), macronutrients and assess phytoplankton site.srf community composition. An Aqua-Tracka Mk III fluorometer (Chelsea Instruments) and a PAR sensor (Biospherical Instruments Inc.) were mounted on the CTD frame. All sensor data from the downcast of the CTD were averaged onto 2 dbar pressure levels for analysis.
The depth of the euphotic zone (Ze) was defined as that of the 1% incident light level and was calculated by estimating the scalar attenuation coefficient (Kd) of the water column from the linear regression of the log transformed irradiance (PAR) vs. depth profile of the CTD's (Kirk, 1994) . In the absence of light profiles at night-time stations, euphotic depth was estimated from relationships between euphotic depth and Chl a concentration and was calculated separately for each cruise.
The upper mixed layer (UML) depth was defined as a well mixed layer that reached the surface and contained no vertical density gradients >0.01 kg m −3 10 m −1 .
A Winter Water (WW) layer was clearly discernable in vertical potential temperature profiles (Jennings et al., 1984; Meredith et al., 2005) . It was identified as a distinct depth band containing θ min (the potential temperature minimum) water and was located on average at 104 m (range 61 to 142 m) during the present study. The shallowest limit of this band represents the depth to which current summer warming has penetrated and nutrient concentrations at this depth are indicative of surface conditions during the previous winter, when deep mixing and re-supply to the surface had occurred.
Cell counts and biomass estimates
Water samples were taken from the 20 m CTD bottle for cell counts and biomass estimates, and were preserved with 1-2% acidic Lugols' solution in 250 ml brown glass bottles. Cell enumeration followed Hasle (1978) , with 50 ml subsamples settled for 20-24 h in Hydro-Bios (Duncan & Associates, UK) chambers, and examined using a SP-95-I inverted microscope (Brunel Microscopes Ltd, UK). Plankton were counted from full examination of the settling chamber (x200), apart from when taxa were present in high numbers and were counted from 1-2 transects of the settling chamber (x100 or x200). For the 2008 cruise, diatoms and dinoflagellates were identified to genera or species following Priddle and Fryxell (1985) , Tomas (1997) and Scott and Marchant (2005) , with unidentified taxa (e.g. planktonic ciliates) grouped according to cell size. On the 2003 cruise, taxonomic resolution was coarse, with only large, dominant cells counted (>10 µm), and no attempt to enumerate small cells. Cell biomass (pg C cell −1 ) for all taxa were estimated from cell measurements following Poulton et al. (2007) , and are in good agreement with similar studies in the Southern Ocean (Schultes et al., 2006; Armand et al. 2008) . We use the biomass size classes stated in Armand et al. (2008) to determine a species' overall contribution to biomass as being large (>488 pg C cell −1 ), medium (85-488 pg C cell −1 ) or small (<85 pg C cell −1 ).
Chlorophyll a estimates
Chl a was measured using standard methods as detailed in . Individual fluorescence profiles from the Aqua Tracka were calibrated (linear regression) against extracted Chl a to determine relative distributions of phytoplankton biomass. As high PAR can inhibit fluorescence, we examined PAR profiles and only regressed fluorescence against Chl a where PAR was ≤40 µmol m −2 s −1 (adopted from methods of Holm-Hansen et al., 2000) . The relationship between fluorescence and extracted Chl a was good with mean r 2 for all stations ∼0.85. Linear regression equations were then applied to the high resolution fluorescence profile where PAR ≤40 .µmol m −2 s −1 . Calibrated fluorescence values at ∼40 µmol m −2 s −1 were used to represent the upper portion of the fluorescence profile where PAR was higher than 40 µmol m −2 s −1 .
Monthly, Level 3, surface Chl a data from the MODISAqua satellite were obtained from NASA's Ocean Colour website (http://oceancolor.gsfc.nasa.gov/).
Macronutrient analysis
Samples for nutrient analysis were filtered through a mixed ester membrane (pore size 0.45 µm, Whatman), and the filtrate was analysed colorimetrically for dissolved silicate (Si [OH] 4 -Si), phosphate (PO 4 -P), nitrate (NO 3 -N) and ammonium (NH 4 -N) with a segmented-flow analyser (Technicon, Whitehouse, 1997) . The nitrate measurement included nitrite (NO 2 ), which is not considered separately as its concentration varied little and typically comprised <1% of total NO 3 +NO 2 .
To enable regional comparisons to be made, nutrient deficits and paired deficit ratios for each station were estimated from the difference between concentrations in the winter water (WW) layer and those in the surface waters (0-25 m) above it (Jennings et al., 1984) . This simple method presumes minimal lateral mixing, vertical diffusion, and remineralisation, but has been found previously to be reasonably robust (Rubin et al., 1998; Whitehouse et al., 2008) . Furthermore, it has the advantage of using the same profile to estimate pre-and bloom concentrations within a narrow spatial and temporal window. As our sampling was undertaken just weeks after the bloom initiation, and our stations were not straddling fronts ( Fig. 1 illustrates mean positions), we consider this an acceptable method of estimating an index of nutrient use.
Data analysis
Phytoplankton cell counts from both cruises were analysed with the statistical package PRIMER 6 (Primer-E Ltd). Cell counts were standardised and then square root transformed and subjected to q type cluster analysis based on the BrayCurtis similarity and group average linkage classification (Field et al., 1982) .
Significant differences between regional station groups were tested using a 1-way ANOVA followed by Tukey's multiple comparison tests.
Results
Phytoplankton communities and cell abundance
across the Scotia Sea
Summer 2008
Cluster analysis showed that our stations could be divided into five major clusters based on similarity in phytoplankton species abundance at the 60% Bray-Curtis similarity level ( Fig. 2a and b) . Most of the stations within groups were located close together and were largely constrained by physical features of bathymetry and fronts. Therefore we named the clusters according to geographical location as follows:
-ORK group -stations largely running south-eastwards, from the South Orkneys shelf to the ice edge. However, R. E. Korb et al.: Summer microplankton community structure across the Scotia Sea station groups B.srf station D9 was located slightly north of the shelf. This group was composed of a mixed community of diatoms and dinoflagellates (37% and 62% of the total cell count; Fig. 3a ). The dinoflagellates in this group, and indeed throughout the entire survey, were made up exclusively of small to medium sized (≤40 um), naked dinoflagellates. The diatom component was dominated by Fragilariopsis spp. (6-35% of total cell count; Table 1).
-S-SCOT -stations situated in the southern Scotia Sea, north of the S. Orkneys shelf and along, or to the south of, the Southern Boundary Front (SB). This group contained mainly cryptophytes and naked dinoflagellates (53 and 44% of the total; Fig. 3a , Table 1 ). -MID-SCOT -stations situated in the central Scotia Sea, north of the SB and along, or to the south of, the Southern Antarctic Circumpolar Current Front (SACCF). Naked dinoflagellates dominated this group with 96% of the total cell count.
-SW-SG -stations north of the SACCF and to the south west of the island of South Georgia. Diatoms became more abundant in this group making up 62% of the total count. However, naked dinoflagellates still contributed significantly to the overall community (38% of the total).
-NW-SG -stations situated to the north-west of South Georgia. Diatoms accounted for the majority of the cell abundances (75%) and a smaller contribution was seen from naked dinoflagellates (23%). Silicoflagellates also appeared in this group although their overall contribution to cell abundances was small (2%).
Mean cell concentrations were greatest in the S-SCOT and SG groups (203-354 cells ml −1 ; Table 1 ) and lowest in the MID-SCOT and ORK groups, 56 and 94 cells ml −1 , respectively.
Summer 2003
During the 2003 cruise, stations could be divided into 2 major clusters based on similarity in phytoplankton community abundance (at the 60% Bray-Curtis similarity level, see Fig. 2a and c). Most of the stations south of South Georgia fell into 1 group with the exception of stations 6.2 and 6.3 which formed their own group. The other major cluster comprised stations to the north of South Georgia, although station 3.2 S was an outlier to the cluster. We note that cell counts from 2003 were much coarser than from our 2008 survey (see methods). Therefore, we looked at the cluster analysis at a higher level, ∼72%, and found 4 main clusters that broadly corresponded to the 2008 cruise. Thus we defined 4 main regional groupings, in a manner similar to 2008 groups, as follows:
-ORK -this cluster group mainly consisted of stations close to the Orkney shelf but also included station 6.5. As this station was geographically remote from the other stations in the cluster, it was not included in this grouping. Generally the ORK group was dominated by diatoms but held a moderate proportion of dinoflagellates as well (82 and 18% of total cell count; Fig. 3b ). The diatom component was comprised largely of Thalassionema spp. (51-74% of total count; Table 2 ). Fig. 3b ). Fragilariopsis kerguelensis was the most abundant diatom (Table 2 ).
-SW-SG -dominated by diatoms (87% of total), in particular Chaetoceros spp.
-NW-SG -dominated by diatoms (90% of total), mainly Eucampia antarctica.
Mean cell concentrations were greatest in the SG groups (399-573 cells ml −1 ; Table 2 ), intermediate in the ORK group (104 cells ml −1 ) and lowest in the MID-SCOT (30 cells ml −1 ).
Carbon biomass of phytoplankton communities across the Scotia Sea -summer 2008
Mean biomass ranged from 12 and 18 mg C m −3 at the S-SCOT and MID-SCOT groups, respectively, up to 61-70 mg C m −3 in the ORK, SW-SG and NW-SG groups (Table 3). In the S-SCOT and MID-SCOT groups, where diatoms were numerically low, dinoflagellates and cryptophytes contributed the most to cell biomass (Fig. 4) . However, diatoms contributed a third of total cell biomass in these groups (25-35%). The large sized diatom, Corethron pennatum (8628 pg C cell −1 ), contributed substantially (up to 70%) to total biomass at almost all stations. Biomass in the ORK group, where diatoms made up a third of cell counts, was also largely dominated by C. pennatum or the medium sized Fragilariopsis kerguelensis (164 pg C cell-1).
In contrast, cell biomass of the numerically "diatom rich" groups was made up of smaller diatoms. The medium sized, Pseudonitzschia sp. (220 pg C cell −1 ), dominated biomass (23-40% of the total) in the SW-SG group and the NW-SG group was dominated by Thalassiothrix antarctica (1321 pg C cell −1 ).
Oceanographic parameters across the Scotia Sea
During both the 2003 and 2008 austral summers, MODIS images showed blooms occurred downstream of the island of South Georgia and only moderate to low levels of Chl a were observed further south (Figs. 5 and 6). In 2008, the bloom was intense and constrained to the area of the Georgia Basin. In 2003, the bloom was less intense but spread over a wider area. The satellite images corresponded well with the pattern of Chl a distribution found on both cruises and surface values were significantly higher (p values <0.001) in the NW-SG groups (∼4-6 mg m −3 ) and lower (<1.9 mg m −3 ) in all other station groups (Table 4 ). In addition, depth integrated Chl a of both cruises was also significantly higher in the NW-SG groups (>130 mg m −2 ) than all other groups (<75 mg m −2 ). On both cruises, euphotic depths were dependent on water column Chl a values and were shallowest in the NW-SG groups (∼19 and 32 m) and deepest (56 and 84 m) in the MID-SCOT groups with the 2 groups being significantly 350 R. E. Korb et al.: Summer microplankton community structure across the Scotia Sea different to each other (all p values<0.001). On the 2008 cruise, UML depths were shallow in the ORK group, increased northwards, were deepest in the SW-SG group and then shoaled again in the NW-SG group (Table 4) . There were significant differences in UML between groups (p <0.001) during the 2008 cruise but not the 2003 cruise. In the more southerly station groups, euphotic depth exceeded the UML during both cruises. However, in the SW-SG and NW-SG groups, euphotic depth was close to, or shallower than the UML (Table 4) .
Macronutrient parameters across the Scotia Sea
Surface (0-25 m) macronutrient concentrations
A north to south gradient across the station groups was observed in surface silicate concentration during both surveys. Lowest values were seen in the NW-SG groups (∼3 Table 5 ). Surface nitrate and phosphate showed a similar latitudinal gradation on both cruises with lowest concentrations (12-16 and 0.4-1.0 mmol m −3 , respectively) in the NW-SG group and highest (∼28 and 1.8 mmol m −3 , respectively) at the southerly ORK and MID-SCOT groups. The NW-SG region was also notable for high stocks of ammonium with an average >3 mmol m −3 during both cruises (data not shown).
Regional macronutrient deficits
A significant latitudinal gradient (p < 0.001) was found for all macronutrient deficits (WW minus surface values) on both cruises (Table 5 ). This was especially so for silicate with a reduction in concentrations of >33 mmol m −3 in the NW-SG groups and <13 mmol m −3 at the ORK group. Similarly, nitrate and phosphate depletions of >12 and 1 mmol m −3 (14) respectively in the NW-SG groups contrasted with values of <6 and 0.4 mmol m −3 in the ORK group. There were also significant differences (p < 0.05) in silcate:nitrate deficit ratios with higher values of 3.0-5.5 found in the SW-SG and MID-SCOT groups compared with elsewhere. The Nitrate:Phosphate depletion ratio showed less regional variability (p = 0.52). However, some of the lowest ratios were coincident with the highest ammonium concentrations (near South Georgia) and vice versa in some open-ocean regions.
Discussion
From analysis of ocean colour, satellite data, the Scotia Sea has been described as one of the most productive sectors of the Southern Ocean (Comiso et al., 1993; Arrigo et al., 1998) . However, oceanographic surveys have also demonstrated the patchiness of blooms in the region, with areas of very high biomass and productivity adjacent to patches of HNLC-like water (Holm-Hansen et al., 2004b; Korb et al., 2005) . Our 2008 survey provided a unique opportunity for a detailed view of summertime communities over a wide latitudinal gradient across the Scotia Sea. Our survey covered both productive and unproductive environments and crossed a number of frontal and island systems. We found five distinct microplankton communities associated with the various water masses and topographical features across the Scotia Sea. Here we examine some of the main environmental factors shaping these communities, compare them to a 2003 Southern Ocean study, and discuss the implications of community structure to carbon export.
South Orkneys group (ORK)
Environmental conditions in this group of stations appeared to be favourable for growth. Macronutrients were abundant with silicate, nitrate and phosphate concentrations up to 76, 27 and 1.8 mmol m −3 in the surface waters. The water column was characterised by shallow mixed layers and favourable light conditions with euphotic depth almost 5 times that of the mixed layer. However, Chl a concentrations remained low with mean surface values of 0.7 mg m −3 and water column integrated values of 51 mg m −2 . Additionally, nutrient deficit ratios were low (7 and 3 mmol m −3 for silicate and nitrate, respectively) indicating that little growth had occurred prior to our survey. Although the region was relatively ice-free at the time of sampling, 2 weeks prior to our survey it was covered with sea-ice (NSDIC sea-ice data, Fetterer et al., 2002) . It is possible that at the time of our survey, phytoplankton had yet to respond to the increasing light levels of a retreating ice edge to reach bloom proportions. However, MODIS images (Fig. 5) show little evidence of a surface bloom developing during the months following our study. Numerically, this region was composed of a mixed community of naked, heterotrophic dinoflagellates (62% of the total) and diatoms (37%). However, in terms of carbon biomass, diatoms were the greatest contributor, accounting for 77% of the total. Biomass was dominated by two species; the heavily silicified Fragilariopsis spp. and Corethron pennatum. The latter species was never numerically abundant, accounting for less than 8% of the total cell count but its massive size (∼8600 pg C cell −1 ) contributed significantly to overall biomass. These diatoms were found in iron-limited regions in the vicinity of the Crozet islands (Poulton et al., 2007) , South Georgia and the Kerguelen Islands (Armand et al., 2008) . Indeed, both species have been reported as being characteristic of HNLC regions of the open Antarctic Circumpolar Curent (Smetacek et al., 2004) .
Typically HNLC conditions are attributed to a lack of iron in surface waters (e.g. de Baar et al., 2005; Boyd et al., 2007) . The many bathymetric features of the Scotia Sea are possible sources of iron to surface waters (Holm-Hansen 2004b; Holeton et al., 2005; Korb et al., 2005 ), yet few direct measurements of dissolved iron concentrations exist for the region. The underlying topography of our ORK group was variable with seabed depths ranging from ∼300-3000 m and shelf-sediment interactions might be expected to contribute iron to the water column (Tyrrell et al., 2005) . However, macronutrient data further suggested that the ORK group was not an iron-rich environment. In ironreplete waters of the Southern Ocean, silicate:nitrate uptake ratios are ∼1:1 and >2:1 in iron-poor waters (Frank et al., 2000) . In our study, silicate:nitrate deficit ratios of ∼2:1 suggest a degree of iron limitation. This may then account for the low Chl a conditions of this region and the high proportion of heterotrophic dinoflagellates. During the 2003 survey, Chl a concentrations were also low and the community dominated by diatoms typical of low-iron waters (Thalassionema/Fragilariopsis spp.; Smetacek et al., 2004) . Again, silicate:nitrate deficit ratios were >2:1, further suggesting the area was iron-poor. 
Southern Scotia Sea (S-SCOT)
The key characteristic of the S-SCOT region was the abundance of cryptophytes, which were virtually absent elsewhere in our Scotia Sea survey. Here, cryptophytes accounted for over half of the total phytoplankton count and surface Chl a concentrations were elevated to 1.7 mg m −3 . Over the South Scotia Ridge, in a region some 5 • W of our transect, a high biomass of cryptophytes was found along the retreating ice edge (Jacques and Panouse, 1991; Buma et al., 1992) . Our S-SCOT group was located just north of the South Scotia Ridge with stations largely situated over deep water from ∼1000 to 4000 m depth and part of this region was covered with sea ice in November 2007 which had retreated to the south by December (Fig. 5) . Garibotti et al. (2005) reported that cryptophyte assemblages in the seasonal ice zone of the Antarctic Peninsula were an annual occurrence. At present, we cannot conclude if this is the case in our S-SCOT region. Taxonomic resolution of cell counts for the 2003 survey, was coarse and it is possible that very small cryptophytes(<10 µm) were present but not seen in our cell counts. Given the occurrence of this group in the survey of Jacques and Panouse (1991) , 20 years prior to our 2008 cruise, and an annually retreating ice edge in the area, a cryptophyte community may be a regular occurrence in this region. Garibotti et al. (2005) reported that massive cryptophyte blooms, near the Antarctic Peninsula, constituted a secondary stage of seasonal phytoplankton succession, following on from a diatom bloom. In our study, a similar pattern was observed with the S-SCOT community almost devoid of diatoms. However, macronutrient concentrations suggest that diatom blooms had not occurred prior to our survey. There was little depletion of silicate (9.5 mmol m −3 ) from the water column but this region did show a modest depletion in nitrate (∼6 mmol m −3 ), presumably due to the cryptophyte bloom. Cell counts from the 2003 survey at stations 5.4 and 5.5 (Table 2) suggest that diatoms were prevalent in the area (∼50% of total), although whether or not this preceded a cryptophyte bloom in unknown.
Central Scotia Sea (MID-SCOT)
During the 2008 survey, this region of the Scotia Sea was characterised, almost exclusively, by the presence of smallmedium sized, naked dinoflagellates, accounting for 96% of the cell count at all stations. Despite apparently favourable environmental conditions for growth (shallow MLD, deep euphotic depth, abundant macronutrients), Chl a remained low (0.4 mg m −3 ) and diatoms made up only 4% of the community. MODIS images (Fig. 5) show little evidence of a bloom developing in the months following our study. In terms of biomass, diatoms were important with the numerically rare, but large, Corethron pennatum contributing 35% of the total.
The low abundance of diatoms in 2008, contrasts with 2003 where diatoms accounted for 47% of the total count in the MID-SCOT group. Diatoms were mainly composed of the heavily silicified Fragilariopsis kerguelensis (up to 22% of the total count). However, Chl a levels remained low with surface levels at 0.4 mg m −3 and small, naked dinoflagellates accounted for the rest of the microplankton community (53%).
As previously noted, Fragilariopsis kerguelensis, together with Corethron pennatum, are typical of HNLC regions of the open Antarctic Circumpolar Current (Smetacek et al., 2004) . Naked dinoflagellates are obligate heterotrophs and major grazers of the microbial foodwebs characterising HNLC environments. Thus the repeat occurrence of HNLC type communities (F. kerguelensis, C. pennatum and small/naked, heterotrophic dinoflagellates) and silicate:nitrate deficit ratios up to 5.5:1 suggests that this region remains a HNLC area year after year. However, a cursory examination of January MODIS images, from 2002 to 2008, over the region of 56 to 60 • S and 45 to 42 • W indicates that this region is not always characterised by HNLC conditions (data not shown). January MODIS Chl a values, averaged over the area, were 2-3 times lower during our cruise surveys (0.22-0.34 mg m −3 ) than the summers from 2004 to 2007 (0.89 to 1.04 mg m −3 ). Why the region should exhibit HNLC characteristics in some years and not in others is at present unclear but is undoubtedly a result of the complex interaction of current flow with the complicated bathymetry of the Scotia Sea.
South-west of South Georgia (SW-SG)
Towards the land mass of South Georgia, there was a distinct shift to a diatom dominated community. In the SW-SG group, although naked dinoflagellates were still present in significant numbers (38% of the total), diatoms made up the majority of the cell counts (62%). In addition, the heavily silicified species observed further south were replaced by less silicified forms such as Pseudonitzschia lineola and Chaetoceros spp. These diatoms dominated the microplankton community in terms of both cell abundance and biomass with a further contribution to biomass seen with Thalassiothrix antarctica close to South Georgia (station D30). The 2003 survey showed an even greater contribution from diatoms (87% of total) with a prevalence of Chaetoceros spp.
During both surveys, moderate surface blooms were observed with Chl a levels >1.5 mg m −3 . In addition, water column integrated Chl a values were also moderate at ∼58 mg m −2 . Despite surface blooms, the water column did not appear favourable for diatom growth. Silicate was seriously depleted in the region during both surveys, with deficits ∼26 mmol m −3 , highlighting phytoplankton growth prior to our study. In addition, silicate:nitrate deficit ratios were high (>3:1), suggesting an iron-deficient water column. Examination of MODIS images for the 2008 survey shows that the bloom in the SW-SG region was at its peak in December 2007 (Fig. 5) . By the time we had reached the region near the end of January 2008, the bloom was beginning to decline and by February it had virtually disappeared. Weak circulation around the island of Crozet ensures that macronutrients and iron are not resupplied to phytoplankton blooms during the summer (Pollard et al., 2009) . As a result, blooms die back around January (Venables et al., 2007) . Our SW-SG region is upstream of South Georgia in terms of water flow around the island. It is possible that a situation similar to Crozet arises here with winter nutrient accumulation of surface waters (and light limitation of phytoplankton growth) followed by depletion during rapid growth in December. A lack of resupply could then lead to the demise of the bloom.
North-west of South Georgia (NW-SG)
The annually occurring mega blooms of this region are well documented and are typically composed of diatoms (e.g. Atkinson et al., 2001; Korb et al., 2008) During both surveys, mixed layer depths exceeded euphotic depths, and silicate deficits were high (∼35 mmol m −3 ).
However, dense blooms could be seen in the region until March when Chl a levels began to decline, most likely due to the onset of light limitation. Silicate:nitrate ratios were variable between the 2 cruises (1.9 and 2.8:1) indicating an iron-replete and iron-poor environments. In contrast to the SW-SG region, the longevity of the NW-SG bloom is likely to follow the scenario observed for Kerguelen whereby surface waters are continually resupplied with macronutrients and iron from surrounding waters and from below (Blain et al., 2007) . Indeed, water flow through the NW-SG region is complicated and several physical processes including shelf-sediment interactions, upwelling at the southwest shelf, land run-off and eddy shedding from the Polar Front and Southern Antarctic Circumpolar Current Front could provide a steady supply of nutrients to diatoms through the growing season (Whitehouse et al., 1996 (Whitehouse et al., , 2000 Korb et al., 2008) .
Implications to biogeochemistry in the Scotia Sea
The structure of microplankton communities in the Southern Ocean, is a key process influencing the biological carbon pump (Boyd and Trull, 2007; De La Rocha and Passow, 2007) . In particular, the structure of diatom communities can determine whether silicon or carbon is exported to depth. According to Smetacek (2004) , productive, ironrich waters will typically support diatom blooms containing large to medium sized, but weakly silicified, forms such as Chaetoceros spp. In contrast, unproductive, iron-poor waters are composed mainly of a microbial food web but also lead to the accumulation of heavily silicified diatoms such as Fragilariopsis kerguelensis. These differences in diatom communities are reflected in the underlying sediments with preferential export of silicon in low production areas and export of carbon in high production areas (Treguer and Jacques, 2002; de Baar et al., 2005 , Boyd et al., 2007 .
Our 2008 Scotia Sea survey covered areas of both high and low productivity and showed 5 distinct phytoplankton communities. Although little detailed information exists on diatom distribution in the underlying sediments of the Scotia Sea, Fragilariopsis kerguelensis is generally reported to be the most dominant species found in surface sediments of the Southern Ocean Crosta et al., 2005; Cortese and Gersonde, 2008 ). Here we examine productivity (Chl a, biomass), community composition, together with silicate:nitrate deficit ratios (as indicators of iron stress) to propose the following view of biogeochemical dynamics across the Scotia Sea:
-ORK region-despite the proximity to the South Scotia Ridge, this region is characteristic of a microbial food web with low Chl a levels and an abundance of heterotrophic dinoflagellates. Accumulation of heavily silicified diatoms (which have escaped microzooplankton grazing pressure due to their heavy armour of silica) and high silicate:nitrate deficit ratios suggests that biogenic opal is preferentially exported to depth. This agrees with the maps of Cortese and Gersonde (2007) showing high export of biogenic silica from Fragilariopsis kerguelensis.
-S-SCOT -this region was fairly productive due to the high abundance of cryptophytes. However, cryptophytes are unlikely to be exported to depth but likely recycled within the upper ocean as part of a microbial food web (supported by the abundance of hetetrotrophic dinoflagellates). Diatoms were rare except for a few heavily armoured species and it is likely that little biogenic silica or carbon are exported to depth. Maps of Cortese and Gersonde (2007) support a reduction of biogenic silica export from Fragilariopsis kerguelensis in this region.
-MID-SCOT -low production coupled with the near total dominance of heterotrophic dinoflagellates suggest that little biogenic silica or carbon would be exported from this region.
-SW-SG -our results suggest that the diatom bloom at this productive site was in decline possibly due to iron exhaustion (high silicate:nitrate ratios). However, given the weakly silicified diatoms dominating this bloom, it is likely that carbon could be exported to depth.
-NW-SG -this is a highly productive site with blooms lasting for many months and supporting a wide variety of diatoms, including many large species. Likely to be a site of high biogenic silica and carbon export.
Thus for the Scotia Sea we propose biogenic silica is preferentially exported to depth in waters south of the SACCF. In waters to the north of the SACCF and that are in the vicinity of the island of South Georgia, carbon is preferentially exported to depth. This simplistic view of export in the Scotia Sea has not taken into consideration the myriad of interactions between predator/prey at microbial and metazooplankton levels which will further influence the degree of carbon and biogenic export. However, our approach illustrates the degree of variability in important components of the export process: productivity varied by almost 10 times, and community composition fluctuated between microbial foodwebs to diatom blooms, over a distance of ∼700 km.
